All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Elevated levels of fecal indicator bacteria (FIB, including *Escherichia coli* and enterococci) impair beneficial uses of surface waters. In order to reduce high FIB levels in surface waters, US Clean Water Act Total Maximum Daily Loads (TMDLs) and EU Water Framework Directive Programmes of Measures are established and require pollution control measures to be implemented. Both aim to reduce source loadings and help achieve acceptable water quality. FIB are the number one cause of impairment for US surface waters (14.3% are impaired \[[@pone.0232054.ref001]\]), so a need exists to better understand their sources and fate in the environment.

The apportionment of microbial fluxes from different sources is challenging because of the myriad of potential sources of pollution that can lead to elevated FIB levels. FIB can be found in a number of fecal \[[@pone.0232054.ref002]--[@pone.0232054.ref005]\] and non-fecal (e.g., in soil and on plants) \[[@pone.0232054.ref006],[@pone.0232054.ref007]\] sources, many of which are non-point in nature. The ability to distinguish between environmental sources (e.g. sediments), which may be impossible to control, and anthropogenic sources, which are controllable, is essential to develop successful plans for pollutant load reductions. Additionally, distinguishing fecal from non-fecal sources of FIB may be important from a health risk perspective, since non-fecal FIB may not be associated with increased health risks \[[@pone.0232054.ref008]\]. In tropical regions like Hawaii, the problem of FIB source identification is exacerbated by the fact that these organisms may be indigenous to tropical soils and waters \[[@pone.0232054.ref009]--[@pone.0232054.ref011]\]. For this reason, the Department of Health in Hawaii uses *Clostridum perfringens*, in addition to enterococci, as an indicator to assess water quality.

Microbial source tracking is an approach for identifying sources of fecal indicator bacteria. *Bacteroidales* markers are popular DNA-based microbial fecal source tracking tools. They have been used extensively in studies of temperate and subtropical regions \[[@pone.0232054.ref012]--[@pone.0232054.ref015]\]. However, there has only been limited work using *Bacteroidales* in the tropics \[[@pone.0232054.ref016],[@pone.0232054.ref017]\]. Host-specific markers in *Bacteroidales* are more specific than other microbial source tracking tools \[[@pone.0232054.ref018]--[@pone.0232054.ref020]\]. *Bacteroidales* DNA markers have been developed for human \[[@pone.0232054.ref021]\], ruminant \[[@pone.0232054.ref022]\], swine \[[@pone.0232054.ref023]\], dog \[[@pone.0232054.ref024]\], and horse \[[@pone.0232054.ref023]\] feces. The bacteria that contain these source-specific DNA markers have not been cultivated, so the markers can only be measured using culture-independent methods such as polymerase chain reaction (PCR). Human viruses have also been used as microbial source tracking targets; the presence of human viruses in coastal waters is both strong evidence of a human contamination source and a health risk. Enteroviruses, which are single-stranded, plus sense, RNA viruses, have been used to assist in microbial source tracking throughout the developed world \[[@pone.0232054.ref012],[@pone.0232054.ref025],[@pone.0232054.ref026]\].

The present study investigates the sources and loading of FIB to a tropical river draining a rural watershed, the Hanalei River, Kaua'i, Hawai'i ([Fig 1](#pone.0232054.g001){ref-type="fig"}). A mass-balance approach is complemented by molecular source tracking markers to identify likely sources of FIB to the river. Specifically, the role of soils and sediments, as well as drainage ditches and groundwater as sources is investigated. The Hanalei River was chosen for this study because routine water quality monitoring by the Hawaii Department of Health has shown that beaches adjacent to the Hanalei River have poor microbial water quality.

![Map of study site.\
A. Hawaiian Archipelago, with the island of Kaua\`i boxed in yellow. B. Island of Kaua\`i. The yellow rectangle indicates the study area. C. Study area. White circles denote river cruise sites, yellow triangles denote locations of ditch samples, red boxes denote taro lo\'i field (TF) samples, and green diamonds represent bird refuge pond (B) samples.](pone.0232054.g001){#pone.0232054.g001}

There are numerous potential point and non-point sources of microbial pollutants along the Hanalei River. The Hanalei River drains a 61.2 km^2^ rural watershed that is primarily forested (95.2%) with 2.3% of the land cover cultivated and 0.8% urban \[[@pone.0232054.ref017]\]. Most cultivated and urban land covers are located directly adjacent to the river reach closest to the ocean ([Fig 1](#pone.0232054.g001){ref-type="fig"}). All residences utilize on-site wastewater disposal, including both cesspools and septic systems, so groundwater discharge to the river is a potential source of bacterial pollution. Taro, the most common crop, is cultivated in flooded fields, or lo\`i, where a constant flow of water is applied to the crop and then discharged into the Hanalei River via return ditches. Lo\`i are typically fertilized and attract waterfowl, so they could represent microbial pollutant sources. Domesticated animals such as cows, goats, pigs, horses, and chickens are kept in enclosures adjacent to some of the cultivated lands, and feral pigs and goats roam forested portions of the watersheds. In the lowest reaches of the river, adjacent to Hanalei town, there are several ditches that drain a combination of agricultural and urban runoff into the Hanalei River; waterfowl and other birds are common throughout the lower portion of the watershed. Finally, tropical soils and sediments are documented reservoirs of FIB \[[@pone.0232054.ref006]\] and represent sources of FIB to adjacent surface waters.

A generalized conceptual model illustrating pollutant sources and sinks within a segment of the river is shown in [Fig 2](#pone.0232054.g002){ref-type="fig"}. Exogenous inputs to the river include polluted groundwater, overland flow during storm events, soils resulting from erosion of land including river banks, and discharges from agricultural and urban land covers (e.g., ditches). Endogenous inputs include suspension of contaminated river sediments. Pollutant sinks include deposition to the sediments as well as inactivation. During storm conditions, all of these sources may be active. However, during dry conditions, inputs due to erosion of soils and overland flow are expected to be minimal.

![Conceptual model illustrating the endogenous and exogenous inputs and losses of FIB to a water parcel in the Hanalei River.](pone.0232054.g002){#pone.0232054.g002}

Materials and methods {#sec002}
=====================

Site description {#sec003}
----------------

No permit was needed for the field research. Two field studies, in March 2008 and March 2009, were conducted within the Hanalei River watershed on the rural north shore of the island of Kaua'i, Hawaii ([Fig 1](#pone.0232054.g001){ref-type="fig"}). The Hanalei River, the only American Heritage River in the State of Hawai'i, flows 26 km beginning on the eastern slopes Mt. Wai\`ale\`ale and discharging to the Pacific Ocean at Hanalei Bay. The average yearly flow rates in the Hanalei River during 2008 and 2009 were 5.4 m^3^/s and 6.2 m^3^/s, respectively. River depths and widths during these studies ranged from 0.6 m to 2.1 m deep and 4.5 m to 24.3 m wide.

Historical data {#sec004}
---------------

Concentrations of enterococci (ENT) and *Clostridium perfringens* (CP) in water samples collected between July 1999 and November 2009 from a location approximately 230 m upstream of the Hanalei River mouth (22°12\'49.01\" N, 159°29\'45.21\" W, [Fig 1](#pone.0232054.g001){ref-type="fig"}) were obtained from the Hawaii State Department of Health. Daily average volumetric flow rates and total suspended solids (TSS) concentrations in the river were obtained from a USGS gauging station located approximately 8200 m upstream of the river mouth (<http://waterdata.usgs.gov/>, [Fig 1](#pone.0232054.g001){ref-type="fig"}, site 16103000, 22°10\'46.5\" N, 159°27\'59.0\" W). To characterize the rainfall during and prior to the study, daily rainfall was obtained from the USGS ([http://waterdata.usgs.gov](http://waterdata.usgs.gov/), site 221101159280801). Data were compiled through 2009 as this is the latest year that field data presented here were collected (see below).

River cruises {#sec005}
-------------

On 29 and 30 March 2008 and 15 and 19 March 2009, sampling was conducted along the length of the Hanalei River to obtain along-river spatial distributions of TSS in water and FIB, host-specific *Bacteroidales*, and enterovirus source tracking markers in the water, sediments and river bank soils. These four sampling events are referred to as river cruise (RC) 1, RC2, RC3, and RC4, respectively. Each river cruise commenced at 0500 h and finished by 0700 h local time, thus eliminating any effects of microbial photoinactivation \[[@pone.0232054.ref027]\]. A total of 13 locations were sampled along the length of the river, 10 by kayak and 3 by foot ([Fig 1](#pone.0232054.g001){ref-type="fig"}, [Table 1](#pone.0232054.t001){ref-type="table"}). Sampling conducted by kayak began at a site located upwatershed of most of the cultivated and urban land cover (site RP, located 6135 river meters from the outlet of the river) and continued at approximately 550 m intervals, as the river flowed through the developed portion of the watershed ([Fig 1](#pone.0232054.g001){ref-type="fig"}). Additional samples were collected by foot at the USGS gauge station located 8240 m from the river mouth (USGS), at a dirt road crossing located 6950 m from the river mouth (Crossings) and at a river intake pipe located 7600 m from the river mouth (Pipe) Pipe was sampled on 26 and 29 March 2008 and 17 and 19 March 2009, and these samples were incorporated into RC1, RC2, RC3 and RC4, respectively. Crossings was sampled on 26 March 2008 and 17 March 2009, and this data was used in the RC1 and RC3 data, respectively. The USGS sampling site was sampled on 17 March 2009 and was only utilized in the RC3 data.

10.1371/journal.pone.0232054.t001

###### Study sampling locations.

Sampling sites denoted by sample type and corresponding GPS coordinates and sediment types. Distances (meters) from the USGS gauge is provided next to the sample type.
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  Sampling Site   Sample Type           Latitude         Longitude        Sediment Type
  --------------- --------------------- ---------------- ---------------- ---------------
  USGS Gauge      River Cruise (0)      N 22°10'46.56"   W 159°27'57.6"   Gravel
  Pipe            River Cruise (1300)   N 22°11'24"      W 159°27'50.4"   N/A
  Crossings       River Cruise (2400)   N 22°11'40.56"   W 159°28'4.8"    Sand
  RP              River Cruise (3100)   N 22°12'1.8"     W 159°28'8.4"    Silt
  SB              River Cruise (3360)   N 22°12'7.92"    W 159°28'12"     Gravel
  SW              River Cruise (3810)   N 22°12'13.32"   W 159°28'19.2"   Gravel
  RM              River Cruise (4230)   N 22°12'19.44"   W 159°28'26.4"   Gravel
  UP              River Cruise (4900)   N 22°12'39.6"    W 159°28'33.6"   Sand
  PA              River Cruise (5425)   N 22°12'33.48"   W 159°29'2.4"    Sand
  CN              River Cruise (6135)   N 22°12'21.6"    W 159°29'13.2"   Sand
  LA              River Cruise (6950)   N 22°12'21.96"   W 159°29'34.8"   Sand
  SH              River Cruise (7600)   N 22°12'41.4"    W 159°29'34.8"   Sand
  FP              River Cruise (8240)   N 22°12'50.76"   W 159°29'42"     Silt
  D1              Ditch (4020)          N 22°12'14.4"    W 159°28'22.8"   Silt
  D2              Ditch (4800)          N 22°12'37.8"    W 159°28'48"     Silt
  D3              Ditch (5150)          N 22°12'36.36"   W 159°28'33.6"   Silt
  D4              Ditch (7000)          N 22°12'23.76"   W 159°29'38.4"   Silt
  D5              Ditch (7100)          N 22°12'27"      W 159°29'38.4"   Silt
  D6              Ditch (7300)          N 22°12'36"      W 159°29'38.4"   Silt
  D7              Ditch (7500)          N 22°12'38.88"   W 159°29'34.8"   Silt
  TF1             Taro Field            N 22°12'32.4"    W 159°28'26.4"   Silt
  TF2             Taro Field            N 22°12'21.6"    W 159°28'33.6"   Silt
  TF3             Taro Field            N 22°12'3.24"    W 159°29'52.8"   Silt
  B1              Bird Pond             N 22°12'12.96"   W 159°28'44.4"   Silt
  B2              Bird Pond             N 22°12'17.28"   W 159°28'48"     Silt

At each site, 1-L water samples were collected from mid-river at a depth of 30 cm below the water\'s surface in sterile 10% HCl-acid washed polypropylene bottles. It was assumed that these samples were representative of the entire water column. River sediments from the top 2.5 cm of the river bed were collected in sterile 50 mL polypropylene centrifuge tubes by a diver. During the 2009 cruises, river bank soil samples were collected from above the water line to a depth of 2.5 cm at each sampling site using sterile 50 mL polypropylene centrifuge tubes. A total of 47 water, 45 sediment, and 22 soil samples were collected during river cruises. Water, sediment and soil samples were tested for *E*. *coli* (EC), enterococci (ENT), enteroviruses (EV) and the ruminant-, pig-, and human-specific fecal markers in *Bacteroidales* (CF, PF and HF markers, respectively). However, enteroviruses in sediments were only analyzed during 2009. Particle diameter (d~p~) was used to classify sediments, based on the majority of the grain size present, as gravel d~p~ \> 0.5 mm), sand (0.05 mm \> d~p~ \> 0.5 mm) or silt (d~p~ \< 0.05 mm).

Potential sources {#sec006}
-----------------

Ditches flowing into the Hanalei River were sampled in both 2008 and 2009 ([Fig 1](#pone.0232054.g001){ref-type="fig"}, [Table 1](#pone.0232054.t001){ref-type="table"}). In 2008, water samples were collected from 3 ditches discharging into the Hanalei River. A sample from ditch 1 (D1) was collected during RC1, and samples from ditches 2 and 3 (D2 and D3, respectively) were collected by foot immediately following RC1. In 2009, water and sediment samples were collected from the same ditches during RC4. On 18 March 2009, water and sediment samples were collected from four ditches (D4, D5, D6, and D7) ([Fig 1](#pone.0232054.g001){ref-type="fig"}). Water and sediment samples were collected from 3 taro lo\'i and 2 bird refuge ponds in March 2009 (TF1, TF2, and TF3, and B1 and B2) ([Table 1](#pone.0232054.t001){ref-type="table"}). All samples were collected as previously described (above) and assayed for EC and ENT concentrations as well as EV, CF, PF and HF source tracking markers.

Analytical methods {#sec007}
------------------

Enterococci (ENT) and *E*. *coli* (EC) concentrations were measured using IDEXX defined substrate assays (Colilert-18 and Enterolert, IDEXX, Westbrook, ME) within 6 h of sample collection. ENT and EC were eluted from sediment and soil samples using sterile, distilled water as previously described for sands \[[@pone.0232054.ref028]\], with a modified settling time of 5 min. Ten milliliters of water or eluants were added to 90 mL of Butterfield\'s Buffer (Weber Scientific, Hamilton, NJ) containing the appropriate IDEXX defined substrate for enumeration in Quantitray 2000 (IDEXX). The dry weights of sediments and soils, used for the standardization of microbial concentrations, were determined by weighing sediments/soils after heating at 110°C for 24 hr. All bacterial concentrations in sediments and soils are reported by dry weight. The waterborne concentrations in the river are the total water column concentration and has contributions from both suspended sediments and planktonic organisms. The sediment and soil concentrations represent the total bacteria present in the sample, which sometimes included some porewater. It was not possible to determine what, if any, fraction of the sediment/soil FIB were present in porewater as opposed to sediment. We assume that FIB measured in sediments and soils are primarily those associated with sediments and porewaters contribute little FIB to the measurement. The lower and upper detection limits for ENT and EC in water samples are 10 and 24192 Most Probable Number (MPN)/100 mL, respectively. Lower and upper detection limits for ENT and EC in sediment and soil samples vary slightly due to differences in dry weight assayed, but are approximately 0.2 and 9837 MPN/ g dry weight, respectively.

Turbidity was measured in all water samples using a bench top turbidimeter (Model DRT-15CE, HF Scientific, Ft. Meyers, FL). To calculate TSS from the turbidity data, nephelometric turbidity units (NTU) were converted to mg/L using a calibration curve generated for TSS plotted against NTU for the Hanalei River: TSS (mg/L) = 1.1 (NTU) \[[@pone.0232054.ref029]\].

Samples were analyzed for human-specific, ruminant-specific, and pig-specific fecal *Bacteroidales* markers (HF, CF, and PF markers, respectively) and enterovirus (EV) using conventional PCR and RT-PCR. Although quantitative versions of these assays exist, we opted for convention versions due limited resources available for the field work. In samples collected during 2008, 100 mL of each water sample were filtered through a 0.45 μm pore size Supor filter (Millipore, Billerica, MA), and 500 mL were filtered through a 0.45 μm pore size HA filter (Millipore, Billerica, MA) for bacterial and viral analyses, respectively \[[@pone.0232054.ref030]--[@pone.0232054.ref032]\]. During 2009, both bacterial and viral fractions were co-concentrated by filtering 500 mL of each water sample through a 0.45 μm pore size HA filter (Millipore, Billerica, MA) \[[@pone.0232054.ref032]\]. Filters were stored in 2 oz Whirlpak bags (Nasco, Fort Atkinson, WI) at -80°C until analysis. For sediments and soils, 5 to 10 mL of eluant were filtered as described previously and stored similarly to water samples.

DNA was extracted from Supor filters using a modified DNeasy Tissue Kit (Qiagen, Valencia, CA) protocol \[[@pone.0232054.ref030]\]. Briefly, 500 μL of guanidine isothiocyanate (GITC) buffer (5 M guanidine thiocyanate, 100 mM EDTA, 0.5% N-lauroyl sarcosine; Sigma--Aldrich) were added to each Whirlpak bag. Filters were massaged by hand for 1 min and 500 μL of buffer AL was added to the filter and GITC. Lysates were then transferred to a clean 1.5 mL microcentrifuge tube and 500 μL of 100% ethanol was added to each sample. From this point, lysates were processed using manufacturer\'s protocols and purified DNA was eluted in 50 μL EB buffer.

DNA and RNA were extracted and purified from HA filters using modifications of the AllPrep DNA/RNA Micro Kit (Qiagen, Valencia, CA) \[[@pone.0232054.ref033]\]. One milliliter of RLT plus buffer with 10 μL β-mercaptoethanol and 20 ng of carrier RNA (Qiagen, Valencia, CA) was added directly to each Whirlpak bag with a filter and allowed to soak for 10 min. Lysates were pipetted from Whirlpak bags into 2 mL microcentrifuge tubes, and 1 mL of 70% ethanol was added to the lysate. Lysates were applied to an AllPrep DNA spin column and were processed from this point forward using manufacturer\'s protocols. Purified DNA was eluted in 50 μL EB buffer, and purified RNA was eluted in 14 μL RNase free water. DNA and RNA extracts were stored at -20°C and -80°C, respectively. In order to have consistent detection limits between years when different sample volumes were filtered, the DNA extracts from 2009 were diluted 1:5 in DNAse/RNase free water.

HF and CF marker PCR reactions consisted of the following: 2 μL of DNA extract, 1X Takara ExTaq PCR Buffer, 200 μM Takara ExTaq dNTPs, 0.2 μM HF183 or CF193 forward primer ([Table 2](#pone.0232054.t002){ref-type="table"}), 0.2 μM Bac708 reverse primer ([Table 2](#pone.0232054.t002){ref-type="table"}), 0.08% bovine serum albumin fraction V (GIBCO, Carlsbad, CA) and 0.025 Units/μL Takara ExTaq. The PF reaction consisted of the following: 2 μL of DNA template, 1X PCR Gold Buffer (Applied Biosystems, Foster City, CA), 1.5 mM PCR Gold MgCl~2~ 200 μM Takara ExTaq dNTPs, 0.2 μM PF163 forward primer, 0.2 μM Bac708 reverse primer ([Table 2](#pone.0232054.t002){ref-type="table"}), 0.08% bovine serum albumin fraction V (GIBCO, Carlsbad, CA) and 0.025 Units/μL Takara ExTaq. PCR reactions were performed on a ABI 9700 GeneAmp PCR (Applied Biosystems, Foster City, CA) system using the following thermal cycling conditions; initial denaturation at 95°C for 2 min, 35 cycles of 45 s of denaturation at 95°C, 45 s of annealing at specified anneal temperatures (see [Table 2](#pone.0232054.t002){ref-type="table"}), 45 s of extension at 72°C, and a final extension of 7 min at 72°C. Visualization of all amplified DNA products was performed by electrophoresis in 1.5% agarose gels stained with 0.5 μg/mL ethidium bromide. Positive PCR reactions produced DNA fragments of 525 bp (HF), 515 bp (CF), and 545 bp (PF). The detection limit for the PCR amplification was approximately 40 copies of target per reaction. This was determined by diluting a standard and testing it by PCR, and determining the lowest standard at which a band in the gel could be visualized. Given the volume of template run in each reaction, this corresponds to a detection limit of 200 copies per 100 mL water and 240 copies per g dry sediment or soil.

10.1371/journal.pone.0232054.t002

###### Primer sequences for *Bacteroidales* host-specific fecal markers and enterovirus PCR and RT-PCR assays.

![](pone.0232054.t002){#pone.0232054.t002g}

  Primer ID      Sequence (5' - 3')       Size (bp)   Annealing Temp.(° C)   Reference
  -------------- ------------------------ ----------- ---------------------- ----------------------------
  BAC708R        `CAATCGGAGTTCTTCGTG`     \-          \-                     \[[@pone.0232054.ref021]\]
  HF183F         `ATCATGAGTTCACATGTCCG`   525         61                     \[[@pone.0232054.ref021]\]
  CF193F         `TATGAAAGCTCCGGCC`       515         61                     \[[@pone.0232054.ref021]\]
  PF163          `GCGGATTAATACCGTATGA`    545         61                     \[[@pone.0232054.ref023]\]
  EVupstream     `CCTCCGGCCCCTGAATG`      \-          \-                     \[[@pone.0232054.ref025]\]
  EVdownstream   `ACCGGATGGCCAATCCAA`     196         59                     \[[@pone.0232054.ref025]\]

"-"is provided in the size and annealing temperature of the reverse primers.

Enteroviruses were detected using reverse-transcriptase PCR (RT-PCR) in 25 μL reaction volumes with the following composition: 5 μL RNA template, 1X Qiagen One-Step RT-PCR Buffer, 400 μM Qiagen dNTP mix, 0.6 μM EV upstream primer, 0.6 μM EV downstream primer and 1X Qiagen One-Step RT-PCR Enzyme mix. PCR reactions were performed on a ABI 9700 GeneAmp PCR system using the following thermal cycling conditions: reverse transcription step at 50°C for 30 min and an initial PCR activation step at 95°C for 15 min, followed by 40 cycles of 30 s at 95°C, 30 s at 59°C, 1 min at 72°C, and a final extension of 10 min at 72°C. Positive RT-PCR reactions produced DNA fragments of 196 bp. The detection limit of the RT-PCR is approximately 40 copies or 56 copies per 100 mL water and 66 copies per 100 g dry sediment or soil.

Mass balance approach for interpreting waterborne fecal indicator bacteria and total suspended solids {#sec008}
-----------------------------------------------------------------------------------------------------

Observed loadings, L~obs~ (MPN/s) of EC and ENT were estimated for the 12 individual river segments studied during the river cruise. The river segments are reaches of the river defined by the 13 sample sites ([Fig 1](#pone.0232054.g001){ref-type="fig"}). Loadings were calculated for each year by combining measurements of FIB obtained during the RCs from 2008 (RC1 and RC2) and 2009 (RC3 and RC4), respectively. Water column and sediment FIB concentrations at each sampling site from RC1 and RC2 and from RC3 and RC4 were composited by combining the MPN results from the QuantiTrays. The total number of large and small wells from trays measuring FIB in water or sediment from the same site during the two relevant river cruises were summed together and MPN equations reported by Hurley and Roscoe \[[@pone.0232054.ref034]\] were used to estimate composite concentrations (MPN/100 mL) and their standard deviations.

The observed loading, L~obs~, in a river segment was calculated as the difference between the measured flux in and out of the river segment as follows: $$L_{obs} = Q\left( {C_{out}‑C_{in}} \right)$$ where Q is the volumetric flow rate (m^3^/s), and C~in~ and C~out~ are the upstream and downstream measured concentrations of FIB (MPN/m^3^), respectively. Standard deviations of the concentrations were propagated to estimate the error for each observed load, L~obs~.

A schematic of possible sources and sinks of FIB along the river are shown in [Fig 2](#pone.0232054.g002){ref-type="fig"}. To assess whether resuspension and deposition of sediment from the river-bed could account for the changes in FIB load in the various river segments, we calculated the load of TSS in each river segment, and multiplied the TSS load by the concentration of FIB in the sediments measured within that river segment. This requires assuming that resuspended sediments have the same concentration of FIB as measured in the river-bed sediments, and that deposited TSS has the same concentration as those measured in the sediments. TSS load was calculated using a modified version of Eq ([1](#pone.0232054.e001){ref-type="disp-formula"}) where C is concentration of total suspended solids.

We subsequently investigated the contribution of inactivation to FIB loading within the river segments. The differential equation representing change of FIB within a river segment due to inactivation is: $$\frac{\partial C}{\partial t} = - u\frac{\partial C}{\partial x} - kC$$ where t is time, x is the position along the river, u is the river velocity (m/s), C(x) is the concentration of FIB in the water at a distance x (m) along the length of the river (MPN/100 mL)- this measurement includes contributions from planktonic and sediment-associated suspended bacteria, and k is the first order FIB inactivation rate constant (1/s) which is assumed to be first order with respect to C. Published dark inactivation rates of 3.3 x 10^−6^ s^-1^ for ENT \[[@pone.0232054.ref035]\] and 6.4 x 10^−6^ s^-1^ for EC \[[@pone.0232054.ref036]\] were used as inactivation rate constants within the model. The solution to [Eq 2](#pone.0232054.e002){ref-type="disp-formula"}, assuming steady state conditions, is *C*(*θ*) = *C~o~e^−kθ^* where θ = x/u where u is the velocity in the river segment and Co is the concentration at the upstream end of the segment and C is the concentration at the downstream end. A steady state assumption was deemed appropriate based on the lack of rainfall 5 days prior to and during the field study and the steady flow conditions encountered during the river cruises. We calculated the change in load attributable to inactivation as Q(C- Co).

To determine whether microbial loadings from ditches could account for the observed FIB load within river segments where ditch discharges were located, the volumetric flow rate of the ditch, Q~dit~ (m^3^/s), that would be needed to obtain the observed load L~obs~, was calculated using the following equation: $$Q_{dit} = L_{obs}/C_{dit}$$ where C~dit~ is the average concentration (MPN/m^3^) for that ditch measured in the appropriate year. This approach was necessary as flow rates from ditches were unmeasurable during this study.

Groundwater was also investigated as a possible source of FIB to the river. The required loading from a groundwater source, S (MPN per time per length of river in meters), to account for the observed loadings L~obs~ was estimated using the following equation: $$S = L_{obs}/x$$ where and x is the length of the river segment (m). This formulation assumes that groundwater is the only source of FIB and does not consider additional sources such as ditches that may also be present in the river segments.

Statistical analyses {#sec009}
--------------------

Baseflow for the Hanalei River was determined by the local minimum method \[[@pone.0232054.ref037],[@pone.0232054.ref038]\] using data collected between 1969 and 2009. Statistical analyses were carried out using PASW Statistics Release 18.0.0 (SPSS Inc., Chicago, Illinois). Bacterial concentrations, flow rate, and TSS were log~10~-transformed prior to statistical analysis to achieve normality. Analyses of variance (ANOVA) were used to test for differences between groups. All reported means are geometric means. Linear regressions were used in curve fitting and Pearson\'s correlations (r~p~) were calculated to characterize associations between data. Fisher\'s exact test was used to test for differences in the occurrence of the source tracking markers. Results with p\<0.05 were deemed statistically significant.

Results {#sec010}
=======

Flow and weather conditions {#sec011}
---------------------------

Daily average river discharge rates during our study were 3.0, 2.6, 4.5, and 5.6 m^3^/s during RC1, RC2, RC3, and RC4. The baseflow of the Hanalei River is 4.1 m^3^/s. Thus, the flow rates in 2008 were between 63% and 73% of the baseflow and in 2009 were between 110% and 137% of baseflow. There was no rainfall 5 days prior to or during the field studies.

Historical data {#sec012}
---------------

Historical data considered as storm flow, non-storm-flow and combined flows were used to explore relationships between water quality parameters for the site near the Hanalei River mouth. Storm flows were defined as those greater than the 90th percentile of all historical data (10.5 m^3^/s) \[[@pone.0232054.ref029]\]. The mean flow rates and TSS, ENT and CP concentrations for each of the flow conditions are given in [Table 3](#pone.0232054.t003){ref-type="table"}.

10.1371/journal.pone.0232054.t003

###### Mean historical storm, non-storm and combined flow rates, and TSS and bacterial concentrations.

Combined flows consider the entire historical record. CFU is colony forming units. MPN is most probable number.
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                         Storm Flow     Non-Storm Flows   Combined Flows (All)
  ---------------------- -------------- ----------------- ----------------------
  N                      27             197               224
  Flow Rate (*m*^3^/s)   19.8           3.9               4.1
  TSS (g/L)              3.8 × 10^−2^   4.1 × 10^−3^      5.3 × 10^−3^
  ENT (MPN/100mL)        526            97                112
  CP (CFU/100mL)         25             14                15

TSS, ENT and CP concentrations were significantly higher during storm flows than non-storm flows (ANOVA, p\<0.001 for TSS and ENT, p\<0.05 for CP). Using all the historical data (combined storm and non-storm flows), TSS is strongly, positively correlated to river flow rate r~p~ = 0.86, p \< 0.01). Historical ENT is positively correlated to river flow rate (r~p~ = 0.40, p \< 0.01) and TSS (r~p~ = 0.38, p \< 0.01). CP also was significantly correlated to river flow rate (r~p~ = 0.16, p \< 0.05) and TSS (r~p~ = 0.16, p \< 0.05).

River cruises {#sec013}
-------------

EC and ENT in surface water along the length of Hanalei river are shown in [Fig 3](#pone.0232054.g003){ref-type="fig"} for each river cruise. Concentrations between 10 and 3470 MPN/100 mL ENT and between 20 and 3540 MPN/100 mL EC were measured; 29 of 47 measurements were above the State of Hawaii single sample standard for ENT (\>104 MPN/100 mL). The concentrations of EC and ENT in the water column generally increased moving from the undeveloped upwatershed reach, through the more developed portion of the watershed, to the river mouth. A linear regression between log-transformed concentration and along river distance, from upwatershed to the river mouth, suggests an increase of 0.2 log units EC per km (r~p~ = 0.56, p \< 0.01, n = 47) and 0.1 log units ENT per km (r~p~ = 0.56, p \< 0.01, n = 47). ENT and EC concentrations in river water were positively correlated to each other (r~p~ = 0.84, p \< 0.01).

![Log~10~ mean concentrations of enterococci and *E*. *coli* in surface water as function of distance along the length of the Hanalei River from the river mouth.\
Dashed line represents linear regression of all water samples. The distance represents the along river distance from the USGS gauge.](pone.0232054.g003){#pone.0232054.g003}

EC and ENT were detected in sediments and river bank soils along the length of the river ([Fig 4](#pone.0232054.g004){ref-type="fig"}). Sediment ENT ranged from 0.3 to 201.7 MPN/g while river bank soil ENT ranged from 1.8 to 3560.0 MPN/g. Sediment EC ranged from 0.9 to 252.2 MPN/g and river bank soil EC ranged from 1.9 to 554.6 MPN/g. EC and ENT generally decreased in river bottom sediments moving from upwatershed to the river mouth. However, only EC showed a significant relationship to along-river distance (r~p~ = -0.33, p\<0.05), decreasing at a rate of -0.07 log units EC per km. EC and ENT concentrations in river bank soils were not correlated to along-river distance. EC and ENT concentrations were significantly higher in river bank soils compared to sediments (ANOVA, p\<0.01). ENT and EC were positively correlated in sediments (r~p~ = 0.56, p \< 0.01) but not in soils (r~p~ = 0.12, p = 0.56).

![Spatial distribution of enterococci and *E*. *coli* in river sediments and soils of Hanalei River as a function of distance along the river from the river mouth.\
Soil concentrations are shown in top panels (squares) and sediments concentrations are shown in bottom panels (circles). Horizontal dashed lines represent average concentrations in their respective matrices. The distance represents the along river distance from the USGS gauge.](pone.0232054.g004){#pone.0232054.g004}

River water FIB, TSS, and sediment FIB concentrations at river cruise sample locations were significantly correlated. EC concentrations in water were positively correlated to TSS (r~p~ = 0.42, p \< 0.01), and EC in sediments were negatively correlated to TSS (r~p~ = -0.58, p \< 0.01). ENT concentrations in the water were also significantly correlated to TSS (r~p~ = = 0.44, p \< 0.01), but ENT concentrations in sediments showed no significant relationship to TSS (r~p~ = -0.16, p = 0.33). FIB in soils along the river were not correlated to TSS, water FIB or sediment FIB.

River sediment types (gravel, sand, or silt) at each river cruise sampling site are shown in [Table 1](#pone.0232054.t001){ref-type="table"}. All results are reported as a function of along-river distance from the most upstream sampling site (USGS gauge). Sediment type was not associated with EC or ENT in river water or sediments. EC and ENT concentrations in the river water were not significantly higher or lower when one particular sediment type was present at the base of the water column (ANOVA, p = 0.70 for both EC and ENT). Sediment type was not associated with higher or lower EC and ENT concentrations in sediment samples (ANOVA, p = 0.55 for EC and p = 0.25 for ENT).

The *Bacteroidales* fecal source tracking markers were detected in river cruise water, sediments, and soils, while the enterovirus marker was only detected in water ([Table 4](#pone.0232054.t004){ref-type="table"}). Twelve of 38 river cruise water samples tested positive for at least one marker, while 6 tested positive for 2 or more markers. In the water samples, the PF marker was detected at the highest frequency (29%), the EV and CF markers were both detected in 10.5% of the samples, and the HF marker was detected least frequently in 8% of samples. ENT and EC in water samples were not significantly different in samples that tested positive versus negative for any of the molecular markers (ANOVA, p\>0.34 for both EC and ENT). TSS was significantly higher in samples that were positive for the CF, and EV markers by between 1 and 1.5 mg/L (p\<0.05); these differences were only weakly significant for CF and EV markers (p = 0.078 and p = 0.096, respectively).

10.1371/journal.pone.0232054.t004

###### Occurrence of *Bacteroidales* host-specific fecal markers and enteroviruses in Hanalei river and potential source water, sediments and soils.

Total *n* are shown in parentheses.

![](pone.0232054.t004){#pone.0232054.t004g}

                                                HF183      CF193      PF163      EV
  --------------------------- ----------------- ---------- ---------- ---------- ---------
  Hanalei River               Water Sediments   8% (38)    11% (38)   29% (38)   11%(38)
  21% (39)                    0% (42)           15% (34)   0% (22)               
  Soils                       14% (22)          0%(22)     9% (22)    0%(22)     
  Ditch Inputs                Water Sediments   0% (12)    8% (12)    17% (12)   17%(12)
  56% (9)                     0% (9)            11% (9)    0%(9)                 
  Taro Field and Bird Ponds   Water Sediments   20% (5)    0% (5)     20% (5)    0%(5)
  40% (5)                     0% (5)            0% (5)     0%(5)                 

In sediment and soil samples, only the HF and PF markers were detected. Depending on the marker, between 22 and 42 river sediment samples were assayed. No sediment samples were positive for the CF or EV markers, while 21% and 15% of the assayed river sediment samples were positive for the HF and PF markers, respectively. The occurrence of host-specific markers was assayed in 22 river bank soil samples, and the HF and PF markers were detected in 14% and 9% of the samples, respectively. ENT and EC concentrations in sediments and soils were not significantly different in samples that tested positive versus negative for any of the molecular markers (ANOVA, p\>0.54 for all comparisons).

Potential sources {#sec014}
-----------------

The potential for ditch inputs, taro fields, and bird ponds to be sources of EC and ENT to the Hanalei river was investigated. Mean concentrations of EC and ENT in water and sediment in these samples are presented in [Table 5](#pone.0232054.t005){ref-type="table"}. No significant difference was observed between FIB concentrations in ditch water compared to FIB concentrations in the Hanalei River during river cruises (ANOVA, p = 0.40 for ENT and p = 0.52 for EC). Similarly, taro lo\'i water FIB concentrations were not significantly different from river water concentrations measured during river cruises (ANOVA, p = 0.20 for both EC and ENT). In bird refuge pond water, both EC and ENT were significantly higher compared to those measured in the Hanalei River by 1.7 (EC) and 1.6 (ENT) log units (ANOVA, p\<0.001 for both EC and ENT). Ditch sediments had significantly higher concentrations of FIB compared to river sediments (ANOVA, p\<0.05 for both EC and ENT). EC and ENT sediment concentrations in taro lo\'i and bird refuge ponds were also significantly higher than Hanalei river sediments (ANOVA, p\<0.001 for all comparisons), but were not significantly different from the sediment concentrations measured in the ditches.

10.1371/journal.pone.0232054.t005

###### Concentration of EC and ENT in potential source water and sediment samples.

Units of the reported concentration in water are MPN/100 mL and in sediments are MPN/g. The sample sizes are small for some sample types.

![](pone.0232054.t005){#pone.0232054.t005g}

        Urban and Taro Lo'i Ditches   Taro Lo'i   Bird Refuge Ponds                
  ----- ----------------------------- ----------- ------------------- ------- ---- ------
  EC    324                           51.2        35                  97.9    10   47.7
  ENT   123                           206.6       49                  105.2   41   2304

*Bacteroidales* host-specific markers were detected in ditch, taro lo\'i and bird refuge pond water, while enteroviruses were only detected in ditch water ([Table 4](#pone.0232054.t004){ref-type="table"}). In ditch water samples, the PF and EV markers occurred most frequently, each in 17% of samples. The HF marker was not detected in ditch water samples but was detected in 56% of ditch sediment samples. When taro lo'i and bird refuge pond samples were examined in aggregate, the HF and PF markers occurred in 20% of water samples and the HF marker was the only marker detected in sediments where it was found 40% of the time. The occurrence of the *Bacteroidales* and enterovirus markers in ditch samples (both water and sediment) was not significantly different than their occurrence in river samples (Fisher\'s Exact Test, p\>0.05 for both). The presence or absence of host specific markers was not associated with FIB concentrations in any of the sample matrices (ANOVA, p\>0.05 for all comparisons).

Dry weather loading of FIB in hanalei river {#sec015}
-------------------------------------------

Using [Eq 1](#pone.0232054.e001){ref-type="disp-formula"}, the mean observed ENT and EC load, L~obs~, in each segment of the Hanalei River was calculated for 2008 and 2009 ([Fig 5](#pone.0232054.g005){ref-type="fig"}). L~obs~ was different from 0 (the standard deviations did not cross 0) for only a fraction of the river segments. Only L~obs~ different from 0 are discussed. Considering both years in aggregate, the maximum observed input and loss in any river reach was 5.7 x 10^6^ MPN/s and -3.8 x 10^6^ MPN/s for ENT and 6.0 x 10^6^ MPN/s and -3.8 x 10^6^ MPN/s for EC. Distances along the river in the following paragraphs represent the end of river segments.

![Observed and model loading results.\
Hanalei river loadings in 2008 (left panel) and 2009 (right panel). ENT loadings (squares) are shown in the top panels and EC loadings (circles) are shown in bottom panels. Red lines show model predictions for changes in loading due to inactivation. Red asterisks indicate river segments where a ditch drains into the river. The asterisks are only shown on the left panels. The distance represents the location of the downstream end of the river segment.](pone.0232054.g005){#pone.0232054.g005}

In 2008, observed ENT inputs occurred at 2400, 3100, and 7600 m, and losses at 6950 m; EC inputs occurred at 3100, 4900, 7600, and 8240 m and losses at 5425 and 6950 m. During 2009, ENT inputs occurred at 3100 and 5425 m, and losses at 2400 and 7600 m; EC inputs occurred at 3100, 4900 and 7600 m, and EC losses at 2400 and 6950 m. In all other river segments, loadings were not different from 0. While some river segments appear to have loading that is consistent across years and FIB (for example, inputs at 3100 m and 7600 m, and losses at 6950), other river segments appear to be sites of net input in one year and net losses in the other (for example, 2400 m).

The changing load of FIB along the river cannot be explained by deposition and resuspension of FIB-laden sediments. The change in concentration of FIB among river segments is usually on the order of 10--100 MPN/100 ml. Assuming that changes in TSS in the river reflect inputs / exports from or to the bed via resuspension and deposition, and the FIB associated with the TSS is well approximated by the concentrations we measured in the bed sediments, then the change in FIB concentrations due to resuspension and deposition are on the order of at most 10^−3^ MPN/100 ml. Therefore, it appears resuspension and deposition of sediment is not an important process controlling FIB concentrations in the river during low flow, dry weather conditions.

We investigated the potential for inactivation to explain the changes in FIB concentrations and loads along the river. Negative loading is predicted for each river segment when considering inactivation alone, and this prediction disagrees with the loadings observed in the field, which were both positive, negative and zero, depending on river segment. Even when the observed loadings were negative (indicating losses), the modeled losses were insignificant relative to the actual losses ([Fig 5](#pone.0232054.g005){ref-type="fig"}).

Ditches represent a potential source of FIB to the river that may explain positive loadings of FIB to the river. Ditches discharge into the river segments ending at 4230, 4900, 5425, and 7600 m ([Fig 5](#pone.0232054.g005){ref-type="fig"}). During 2008, significant positive loads of EC occurred in 2 of the river segments with ditches (4900 and 7600 m) and significant positive load occurred for ENT at only one of these segments with a ditch (7600 m). The same river segments (4900 and 7600 m) that had significantly positive loads in 2008 for EC, also had significant positive loads for EC in 2009. In 2009, significant positive loads of ENT occurred at a single river segment at 5425 m.

The required ditch flow rates, (Q~dit~), needed to account for the observed FIB loads were calculated for river segments that had significant positive FIB loads and contained ditches. Q~dit~, as well as 100 x Q~dit~ /Q (the percent Q~dit~ is of the Hanalei River flow rate during the RC for each year) are shown in [Table 6](#pone.0232054.t006){ref-type="table"}. It appears that only the ditch draining into the river at 7600 m can explain EC and ENT loadings. Ditches draining into this segment of the river yielded required flow rates ranging from 0.09 m^3^/s to 0.15 m^3^/s, roughly 0.3% to 5.3% of the Hanalei River flow. These estimated flow rates appear to be realistic from visual river cruise observations.

10.1371/journal.pone.0232054.t006

###### Required flow rates from input ditches to the Hanalei River to achieve river loadings of FIB observed in the field.

Units of the reported values are m^3^/s. The corresponding percentage of the Hanalei River flow are shown in parentheses.

![](pone.0232054.t006){#pone.0232054.t006g}

                        2008                                    2009                                                                            
  --------------------- --------------------------------------- --------------------------------------- --------------------------------------- ---------------------------------------
  River Segment \[m\]   EC                                      ENT                                     EC                                      ENT
  4900                  2.98(107%)                              [\*](#t006fn001){ref-type="table-fn"}   2.46 (48.9%)                            [\*](#t006fn001){ref-type="table-fn"}
  5425                  [\*](#t006fn001){ref-type="table-fn"}   [\*](#t006fn001){ref-type="table-fn"}   [\*](#t006fn001){ref-type="table-fn"}   4.25 (84.6%)
  7600                  0.01 (0.3%)                             0.15 (5.3%)                             0.03 (0.5%)                             [\*](#t006fn001){ref-type="table-fn"}

\* Loads not different from 0 in [Fig 5](#pone.0232054.g005){ref-type="fig"} were not evaluated.

Groundwater loadings, S, of FIB for river segments with significant positive observed FIB loads are shown in [Table 7](#pone.0232054.t007){ref-type="table"}. Using [Eq 4](#pone.0232054.e004){ref-type="disp-formula"}, groundwater EC loadings of 3.1 x 10^3^ MPN/s/m to 8.6 x 10^3^ MPN/s/m in 2008 and 5.1 x 10^3^ MPN/s/m to 9.0 x 10^3^ MPN/s/m in 2009 were required to account for the observed EC positive loads. Similarly, river segments with significant positive ENT loadings required groundwater ENT inputs to the river ranging from 7.7 x 10^2^ MPN/s/m to 6.9 x 10^3^ MPN/s/m in 2008 and 4.5 x 10^3^ MPN/s/m to 1.1 x 10^4^ MPN/s/m in 2009.

10.1371/journal.pone.0232054.t007

###### Required groundwater fluxes of FIB to achieve river loadings of FIB observed in the field.

Units of the reported values are MPN/s/m.

![](pone.0232054.t007){#pone.0232054.t007g}

                        2008                                    2009                                                                            
  --------------------- --------------------------------------- --------------------------------------- --------------------------------------- ---------------------------------------
  River Segment \[m\]   EC                                      ENT                                     EC                                      ENT
  2400                  [\*](#t007fn001){ref-type="table-fn"}   770                                     [\*](#t007fn001){ref-type="table-fn"}   [\*](#t007fn001){ref-type="table-fn"}
  3100                  8.6 × 10^3^                             3.6 × 10^3^                             5.1 × 10^3^                             4.5× 10^3^
  4900                  7.7 × 10^3^                             [\*](#t007fn001){ref-type="table-fn"}   6.4 × 10^3^                             [\*](#t007fn001){ref-type="table-fn"}
  5425                  [\*](#t007fn001){ref-type="table-fn"}   [\*](#t007fn001){ref-type="table-fn"}   [\*](#t007fn001){ref-type="table-fn"}   1.1 × 10^4^
  7600                  3.1 × 10^3^                             6.9 × 10^3^                             9.0 × 10^3^                             [\*](#t007fn001){ref-type="table-fn"}
  8240                  8.6 × 10^3^                             [\*](#t007fn001){ref-type="table-fn"}   [\*](#t007fn001){ref-type="table-fn"}   [\*](#t007fn001){ref-type="table-fn"}

\* Loads within river segments not different from 0 or negative in [Fig 5](#pone.0232054.g005){ref-type="fig"} were not evaluated.

Discussion {#sec016}
==========

Soils and sediments represent sources of FIB, and human- and pig-specific fecal source tracking markers to the Hanalei River. The presence of FIB in Hawaiian soils has been documented by other researchers \[[@pone.0232054.ref010],[@pone.0232054.ref039]--[@pone.0232054.ref041]\], however, this is one of the few studies to document the presence of the suite of host-associated *Bacteroidales* 16S rRNA markers in sediments and soils. When all the data are aggregated, the HF marker was 4 times as likely to be found in sediments and soil samples than water samples. Similarly, the PF marker was twice as likely to be detected in sediments or soils than in water. These data suggest that the bacteria containing these markers may have an affinity for sediment. *Bacteroides* spp. have been shown to colonize surfaces and form biofilms \[[@pone.0232054.ref042]--[@pone.0232054.ref044]\] that may enable them to survive and persist longer in sediments than in the water column. Interestingly, the CF and EV markers were not detected in sediments or soils. This may imply that the specific organisms containing these markers do not have an affinity for sediments and soils, or that the method used to elute bacteria and virus may not have been effective at eluting CF and EV. Previous work on EV in sewage-amended soils used beef extract to elute viruses \[[@pone.0232054.ref045],[@pone.0232054.ref046]\]. It is also plausible that the CF marker and EV are not prevalent in the Hanalei watershed, personal observations by our team indicate limited cattle and goats in the watershed at the time of sampling. Further work is needed to fully understand the interaction between the host-specific markers and particles.

While sediments may be important FIB sources during storms, there is little evidence of their importance as sources during low-flow, non-storm conditions. According to the river cruise data, EC and ENT inputs and losses within the river could not be explained by deposition and resuspension of sediments. FIB concentrations would need to be at least 1000 times higher in sediments for resuspension and deposition to account for observed inputs or losses in the river segments, an unlikely possibility even considering the potential for spatial heterogeneity in the sediments. Further research should investigate additional sources of FIB to the river such as subsurface inputs.

The correlations between FIB and TSS in the water during the river cruise indicates that FIB may be particle-associated. This supports the findings of other researchers \[[@pone.0232054.ref047],[@pone.0232054.ref048]\] that show strong correlations between turbidity and FIB in surface waters. Additionally, the CF and EV markers were higher when TSS was high, suggesting these markers could be associated with particles in the water column. Given these findings, and those that suggest that resuspension and deposition are not important processes affecting FIB fate during dry weather, it is likely that the organisms are associated with fine particles that remain suspended in the river water as it is transported from the mountains to the sea. Knowledge about the partitioning of FIB between planktonic and particle-associated states, and determining median diameter of particles with attached FIB will aid in understanding suspension rates of FIB within the Hanalei River \[[@pone.0232054.ref049]\]. Further research should investigate the association of FIB with particles of various class sizes and sedimentation rates of these particles in the Hanalei River.

Some ditches can explain increases of FIB along the river during dry weather. In particular, the ditches (D4, D5, D6 and D7 in [Fig 1](#pone.0232054.g001){ref-type="fig"}) discharging to the river segment ending at 7600 m can account for the increases in ENT and EC observed there during 2008 and 2009. The other ditches were either not located along segments of the river where significant FIB increases occurred, or did not have high enough concentrations to account for the observed increases in FIB. It is important to note, however, that all the ditches did contain FIB either in water or sediment, so at various times of year, they could potentially represent sources of FIB to the river. Sediments, soils, and water in taro lo\'i and bird ponds contained FIB, so these can potentially seed ditch discharge with FIB.

During dry weather conditions, several river segments (2400 m, 3100 m, 4900 m and 8240 m in 2008; 3100 m, 4900 m, and 5425 m in 2009) had significant inputs of FIB that could not be explained by inputs from the ditches. The river segment at 3100 m consistently had FIB inputs and was located adjacent to agricultural lands (site CN in [Fig 1](#pone.0232054.g001){ref-type="fig"}), yet had no ditch input. At these locations, groundwater may represent a possible source of FIB to the river. Because the surrounding community utilizes on-site wastewater treatment systems, including cesspools, the groundwater in this area contains FIB, and previous work has identified FIB in the groundwater in some regions of Hanalei \[[@pone.0232054.ref050]\]. Additionally, it is known that groundwater in this region likely discharges to the river and adjacent wetlands \[[@pone.0232054.ref029]\]. If we use a high estimate for the concentration of FIB in groundwater, as might be expected adjacent to a cesspool of 1000 CFU/100 ml, the required flux of groundwater in river segments would range from 5 L/min/m to 50 L/min/m for both the 2008 and 2009 river cruises where the per meter refers to the length along the river. There are no estimates to our knowledge of groundwater fluxes into the Hanalei river with which to compare these estimates. The presence of the human-specific *Bacteroidales* marker in the river water, sediments and adjacent soils as well as the presence of the human enterovirus marker in the water further suggests there is wide-spread human fecal contamination in the that is likely a result of nearby wastewater disposal systems.

There were several river segments where FIB losses were observed and could not be explained by deposition of FIB to the sediments or inactivation (5425 m and 6950 m in 2008, and 2400 m and 7600 m in 2009). Other possible losses not considered in this study include removal by grazers including benthic filter feeders, as well as losses to groundwater. Future work would need to further characterize these losses in the river.

The occurrence of host-specific source tracking markers is indicative that a portion of FIB present in the Hanalei River are of fecal origin. The human-specific source tracking markers, *Bacteroidales* and enterovirus, were detected frequently in our study, suggesting human fecal inputs from septage, cesspools, or other wastewater disposal systems. The pig-specific fecal marker was also detected frequently, pointing to inputs of porcine feces in the river and watershed. This is not surprising because of the large number of feral pigs that live in the Hanalei River watershed; an animal count is not available. The ruminant-specific marker was found least often. Its presence suggests that some ruminants contribute feces to the river. Feral goats, as well as domesticated livestock, are possible sources. There is limited work on the differential persistence of these fecal markers in the environment, and more work on that may provide additional insight into their occurrence as observed in this study.

There are several limitations to the work presented herein. For the mass balance calculations we carried out, we assumed that water in the river was well mixed vertically and laterally, and that longitudinal dispersion was negligible. If there is vertical or lateral heterogeneity in FIB and TSS in the river, then sophisticated modeling would be needed to predict how various processes would affect FIB and TSS concentrations. We also assumed that the volumetric flow of water was constant as it flowed through the study site; we believe this assumption is valid, but there were small ditch inputs and potentially some water withdrawals from the river by local residence that are un-metered. Additionally, we did not attempt to determine if FIB were associated with particular size classes of particles in the study nor did we differentiate between planktonic and particle-associated bacteria in the model. The study of bacterial interaction with particles is important and is being undertaken in some laboratories \[[@pone.0232054.ref051],[@pone.0232054.ref052]\] but further work is needed.

This work emphasizes the need to incorporate mass balance considerations and microbial source tracking to pin-point sources of microbial pollutant to water bodies. If the mass balance approach had not been included in the present study, river sediments and soil would be considered the probable sources of microbial contaminants to the Hanalei River during dry weather conditions based on MST results alone. However, river sediments and soils are not considered major contributors of FIB to the Hanalei River during the dry season. Instead, the modeling indicates that ditches and groundwater likely contribute substantial FIB to the river during the dry season.
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